The ionization of acetonitrile has been studied using both electron and photon ionization combined with coincidence detection techniques. Relative partial ionization cross sections and relative precursor-specific partial ionization cross-sections are determined for all the cations formed from single, double and triple electron ionization of CH3CN from 30 -200 eV electron energy. These cross sections characterize, distinguish and quantify the positive ions formed from these levels of ionization over the electron energy range investigated. To complement these electron ionization studies, relative ion yields for the formation of single ions (both monocations and dications) and monocation cation pairs have been measured following photoionization of CH3CN from 20 -42 eV using synchrotron radiation. There is a strong similarity between the photoionization data and electron ionization data.
Introduction
Acetonitrile (CH3CN) is the smallest aliphatic nitrogen-containing hydrocarbon and finds extensive use as an industrial solvent. CH3CN has been detected in the interstellar medium and is known to be important in various astrochemical processes. [1] [2] [3] Terrestrially CH3CN is known to be formed in the atmosphere, where it is found in the stratosphere as CH3CN(H2O)n + ions. [4] [5] [6] [7] [8] Acetonitrile has also been detected in the atmosphere of Titan. [9] CH3CN is important in a medical context; for example, in breath analysis CH3CN is a marker of the number of cigarettes a person smokes. [10] CH3CN is also used as a chemical ionization agent in mass spectrometry to determine the position of double bonds in polyunsaturated fatty acids. [11] Knowing the position of these bonds is important to understand the effect of such fatty acids on human health. [12] Due to the importance of CH3CN in the various environments outlined above, many studies of its chemical and physical processes have been undertaken. These studies include work on the absorption of VUV photons, [13] [14] [15] [16] [17] [18] interaction with metastable He, [19] [20] [21] [22] electron ionization [23] [24] [25] [26] , modelling of the dissociation and rearrangement of CH3CN + [23, 24, 27] and dissociative ionization in femtosecond laser fields. [28] . However, quantitative studies of the electron ionization of CH3CN are limited to measurements of yield curves and appearance energies. [23, 26] A few studies have examined double ionization of CH3CN. [29] [30] [31] [32] [33] [34] [35] Of these studies the majority have focussed on Auger processes at high-photon energies. [29] [30] [31] Of most relevance to the work reported in this paper is the study of the double ionization of CH3CN by Ruhl et al who used He(II) radiation and coincidence methods to investigate the dissociation of CH3CN 2+ . [35] As a consequence of Ruhl et al.'s study, the formation of H3 + from double ionization of CH3CN, and other organic molecules, has been considered as a source of H3 + in the interstellar medium. [32, 34] This paper reports a quantitative study of the electron ionization of CH3CN from 30 -200 eV using time-of-flight mass spectrometry coupled with coincidence detection. Relative cross sections are determined which quantify the formation of fragment ions and the level of ionization (single, double, triple) generating these individual ions. These cross sections are used to account for the decay processes of the CH3CN 2+ ion. To support this work, and investigate any differences between the consequences of photoionization and electron ionization, we also present the results of coincidence experiments probing the photoionization of CH3CN from 20 -42 eV using synchrotron radiation.
Experimental

Electron Ionization
The electron ionization experiments reported here were performed using a time-of-flight mass spectrometer (TOFMS) running in a coincidence detection mode. Details of this apparatus have been presented previously and so only an outline of its operation will be given here. [36, 37] Briefly, the experiment is controlled by a pulse generator running at 50 kHz. The generator first triggers a homebuilt electron gun to produce a pulsed beam of electrons (the pulse duration is approximately 30 ns).
This pulsed electron beam crosses the source region of the TOFMS where it interacts with the target gas. The target gas effuses continuously from a needle orientated at 90° to the path of the electron pulse. Both the electron beam and jet of target gas are oriented perpendicularly to the major axis of the TOFMS. Once the electron pulse has traversed the source region of the TOFMS, a voltage of +400 V is applied to the mass spectrometer's repeller plate. This voltage accelerates any ions formed by the electron pulse into the acceleration region of the TOFMS and on into the drift region. At the end of the drift region the ions impact on a detector comprised of a pair of microchannel plates.
Signals from the detector are amplified, discriminated and registered as stop signals on a fast timeto-digital convertor (TDC). The start pulse for the TDC is sent by the pulse generator after it triggers the repeller plate pulse. The TDC records the flight times of up to three ions for every start it receives.
The events recorded by the TDC are accumulated in a memory module followed by periodic transfer to a PC.
For all measurements reported here the sample pressure inside the TOFMS was maintained at 10 -6 Torr as recorded by an ion gauge. Use of these low pressures, combined with the low electron beam currents, ensures that on average there is considerably less than one ionizing event per electron pulse. This low event rate ensures that only a very small number of false coincidences arise in our data. These false coincidences can be easily removed using an autocorrelation function as described in more detail below. [36] To ensure that we can extract quantitative data from our experiments we have identified a set of conditions under which no intrinsic discrimination in our ion detection electronics is observed. [36] Further, the accelerating voltages of the TOFMS are such that all ions will reach the detector if they have less than 10 eV translational energy. As most dication dissociations involve total kinetic energy releases (KERs) that are less than 9 eV, the vast majority of ions formed from double ionization will be detected in our apparatus. [38] Ions with significant translational energies, formed by triple (and higher) ionization, can have KERs > 10 eV. A proportion of these high kinetic energy ions may not reach the detector, hitting the walls of the flight tube.
However, these losses can easily be corrected for by examining the form of the coincidence signals, as described below.
[39]
Data Reduction
The coincidence data we record are classified as a function of the number of ions detected following each repeller plate pulse. Events involving the detection of only a single ion are added to a 'singles' mass spectrum, a simple histogram of time-of-flight versus ion counts. ], are extracted from these spectra by evaluating the counts in each peak after applying a correction for the small, but nonzero, baseline. A further correction is made for the small contribution to ion peaks (e.g. for N + at m/z = 14 amu) arising from residual air and water in the background gas in the vacuum chamber. [36] Events with two or three ions detected per repeller pulse are termed either 'pairs' or 'triples'.
The pairs data are visualised as a 2D histogram with the number of counts plotted as a function of the flight times (t1, t2) of both ions in the pair. In such pairs spectra different decay channels of a multiply-charged ion appear as distinct peaks. The relative intensity of each dissociation channel is then determined by summing the counts in each of these 'pairs peaks'. As described earlier, despite the low event rates, the peaks in the pairs spectrum contain a small contribution due to false coincidences. The number of these false coincidences are evaluated, using a methodology involving the autocorrelation function of the singles mass spectrum, and subtracted on a peak by peak basis; this procedure has been described in the literature. [36, 40] Any contribution to the recorded ion pairs from the residual air and water in the vacuum chamber can easily be evaluated and subtracted. [36] A further correction is made for those ion pairs where t1 and t2 are very similar, for example H + + H + .
For such dissociations it is necessary to allow for the loss of ion pairs due to the deadtime of the detection electronics. Specifically, the dead time of the detection electronics used in these experiments is approximately 32 ns. Thus, coincidences are missed if |t1-t2| < 33 ns. Fortunately, such losses can be easily estimated by extrapolating the visible part of the pairs peak back to t1 = t2.
[36] The corrected intensities of each pairs peak that contains an X + ion are then summed to produce the contribution of a fragment ion to the pairs spectrum, P[X + ].
The triples data is analysed by first specifying the TOF range of an ion of interest (t1) and then finding all ion triples that contain at least one ion that lies in this TOF range. From this selected list of triples the times of the other two ions (t2 and t3) are plotted in a 2D histogram of their arrival times. This 2D triples spectrum is then analysed in the same manner as the pairs spectrum to produce T[X + ], the contribution of a fragment ion (X + ) to the triples spectrum. ] are determined from the ion intensities using Eq. (1)and (2) while Eq. (3) is an example of an equation derived to calculate a relative precursor-specific PICS (in this
In Eq. (3) for these specific ions but in a few cases we report cross sections for a given mass, without identifying the ion.
The behaviour of several of the relative cross sections measured in this study reveal ionization thresholds within the range of electron energies we have employed. To estimate the energy of such ionization thresholds (EA), a threshold function f(E) has been fitted to the appropriate relative PICS in the threshold region [41] :
In this threshold function, E is the photon or electron energy, b is the background signal below the energy threshold of a process, c and P are fitted parameters. For the majority of the thresholds analysed in this work P was found to lie close to unity.
In addition to the relative PICS, our coincidence data also reveals information characterizing the dynamics and energetics of the fragmentation of the multiply charged ions that are formed following electron ionization of acetonitrile. For example, the gradient of a peak in the pairs spectrum, the slope of the major axis of the lozenge shaped peak in a plot of t1 against t2 for that reaction (see inset in Figure 1 ), characterizes the correlation between the fragment ion momenta in the dissociation reaction associated with that peak. These peak gradients, extracted with a weighted least squares analysis, and the shape of the coincidence peak in the pairs spectrum (Figure 1 ), can provide information on the mechanism of a given fragmentation. [42] For example, the ionic products of a two-body dicationic dissociation will have equal and opposite momenta, giving rise to a peak in the pairs spectrum with a gradient of -1. However, further dissociations of these primary products will lead to changes in the product momenta which will move the peak gradient away from -1, the precise value of the gradient depending on the ratio of the masses of the nascent ion and the dissociation product. [42] Thus, the gradient of a particular peak in the pairs spectrum can reveal the dissociation mechanism of the parent dication. More sophisticated analysis of the shape of such coincidence peaks, to determine far more detailed information on the dissociation mechanism of the dication, is possible in experiments with higher temporal resolution. [43, 44] In the coincidence spectra presented in this study, the finite duration of the electron pulse restricts our analysis of the coincidence peak shapes to simple measurement of the peak gradients.
Plotting a TOF difference spectrum, intensity against (t2 -t1), for a detected ion-pair can be used to determine the KER involved in the fragmentation that gives rise to that fragmentation. Individual fragmentation reactions typically generate a square peak in such a difference spectrum and the width of these square peaks is principally controlled by the KER. We extract estimates of the KER from these difference spectra by modelling their form using a Monte-Carlo simulation, including all the apparatus parameters. [36] From the value of the KER for a given dissociation channel, and the energies of the dissociation products, we can estimate the energy of the dicationic precursor, EP(CH3CN 2+ ), that dissociates into the ion pair of interest. Such an estimate requires a knowledge of the relative energies of the dissociation products Efrag:
In making such an estimates of dicationic precursor energies, we commonly have to assume that the dissociation products are formed in their ground electronic states.
Photon Ionization
To support the electron ionization data, experiments on the photon ionization of CH3CN were performed at the Swiss Light Source (SLS) synchrotron on the VUV beamline. [45] These experiments used the existing iPEPICO (imaging PhotoElectron PhotoIon COincidence) endstation.
The operation of this endstation has been described in detail in the literature. [46, 47] The iPEPICO apparatus is designed to detect, in coincidence, the photoelectrons and photoions formed following photoionization. There are two detectors, one for electrons and one for ions, aligned opposite each other across a small (11 mm) interaction region. In this interaction region a beam of effusive gas is crossed by a pulsed beam of VUV photons from the beamline monochromator. Any second-order light from this monochromator is suppressed by an in-line noble gas filter. [48] Any electrons and ions formed by ionization are extracted by a small continuous voltage into their respective detection regions. The fields in the electron detection region are chosen to achieve velocity map imaging and to discriminate strongly in favour of low-energy electrons. Specifically, only those electrons with energy <800 meV will be focussed to the detector face, although there will still be a small contribution to the electron signal from those high-energy electrons whose initial velocities are aligned directly towards the detector. This high-energy contribution can be efficiently removed using a simple geometric correction scheme. [46] The electron detector employed is a position-sensitive detector, of the delay-line anode type, situated behind a multichannel plate arrangement. The ions are extracted into a standard TOFMS and detected using a multi-channel plate. The start signal of the detection system is provided by the detection of an electron.
Considering the energy balance following double photoionization of CH3CN, we have:
Here, hv is the ionizing photon's energy, E(CH3CN 2+ ) is the double ionization energy required to populate a particular electronic state of the acetonitrile dication and KEe1/2 represents the kinetic energy of each of the two emitted electrons. An issue with using the iPEPICO apparatus to study double ionization is that only a single electron can be detected from each ionization event. However, as the photon energy passes through a double ionization threshold two very low energy electrons will be formed, and one of these electrons will be efficiently detected by the electron detector. Thus a signal corresponding to double ionization thresholds will appear in the coincidence spectra.
Two types of photoionization spectra were recorded to study the double photoionization of CH3CN. The first class of spectrum is a photoelectron-photoion-coincidence (PEPICO) dataset. For these spectra coincidences between a threshold electron and a single ion were recorded as a function of photon energy over a range of 20 -34 eV, with a standard step-size of 0.1 eV. In regions of the spectra where a threshold, the appearance of a new ion signal, was observed as the photon energy increased, spectra were repeated with a smaller photon energy step-size. From these PEPICO spectra it is possible to determine thresholds for the formation of monocations from single photoionization and dications from double photoionization. The thresholds are determined by fitting the PEPICO signal to the threshold law outlined above in Eq. ((4). For the PEPICO spectra recorded in this study, only ions coincident with electrons which hit the centre of the electron detector face have been used for determination of ion yields. Taking just this portion of the coincidences reduces influence of any energetic electrons on the results. [46] All ion intensities are reported relative to the signal of
The second class of spectrum we record is a photoelectron-photoion-photoion coincidence (PEPIPICO) spectrum. In these measurements coincidences between a threshold electron and two monocations produced from double photoionization were recorded. Given the significant time required to record PEPIPICO spectra with a satisfactory signal-to-noise ratio, the PEPIPICO spectra were measured between 34 and 42 eV at 1 eV intervals.
The PEPIPICO experiments record both pair events, where two ions are detected in coincidence with an electron, and singles events where just one ion is detected. As with the electron ionization experiments, the singles events are histogrammed to form a mass spectrum whilst the pairs data are visualised with a 2D histogram of the flight times (t1, t2) of both ions in the pair. These two spectra (singles and pairs) are analysed in the same way as the electron ionization results (see above)
to produce the ion intensities for monocations and dications in the singles spectrum, 
Results
The electron ionization of CH3CN was studied over a range of electron energies from 30 - were also generated, however, due to their significant statistical uncertainty they are only reported in a tabulated form (Table S8) We note that no signals due to N 2+ ions were observed. In total, forty five different dissociation reactions forming ion pairs were detected, with eleven different channels forming ion triples appearing at higher ionization energies. The complete lists of ion pairs and ion triples detected following electron ionization are given in the SI.
The photon ionization of CH3CN was investigated over a photon energy range from 20 -42 eV. PEPICO spectra were recorded from 20 -36 eV and PEPIPICO spectra were recorded from 33 -42 eV. Representative PEPICO spectra are shown in Figure 66 . 
Discussion
Electron Ionization
The values of r we have derived from our CH3CN electron ionization data are shown in Figure   2 . As the electron energy is increased the relative PICs all show the same trend: a rise to a peak value before gradually decreasing as the electron energy is increased further. Such behaviour is often (4)), and are given in Table 2 lists the KERs we determine for the observed ion pairs which are formed via a two-body mechanism and which have a significant enough intensity to allow reliable analysis. As shown in Table 2 , we have extracted the KER for each channel at the lowest electron energy for which there are statistically reliable signals. From the KERs we have derived dication precursor-state energies, which are also listed in Table 2 . All the precursor energies in Table 2 have been determined assuming the ionic products are formed in their ground electronic states. The data in Table 2 shows that all the KERs for the three-body dissociation reactions of CH3CN 2+ can be determined in the same way as for the two-body dissociations. However, to simulate the form of the t1-t2 spectrum for a threebody dissociation we require the dissociation mechanism. Information on the dissociation pathway can often be extracted from pr the gradient of the peak in the pairs spectrum, as discussed above. calculations were repeated for all the observed three-body decays, where the peak intensity was large enough to allow extraction of reliable peak gradients, and KERs were fitted using the appropriate mechanism. Table 3 lists the three-body decays for which this analysis was applied, giving the proposed pathway and fitted KER. here, differ more significantly. (Table 3 ) Specifically, the KERs from electron ionization are often several electron Volts higher than those from photoionization. This difference in KERs is not due different mechanisms operating in the decay of the CH3CN 2+ ion generated by electrons or photons as, reassuringly, both experiments extract identical three-body dissociation mechanisms. Almost certainly, the higher KERs extracted from our electron ionization experiments arise from differences in the ionizing energy. In this work, most of the three-body KERs were extracted from spectra recorded at electron energies of 65 eV and above, the lowest electron energies for which we could obtain reliable analysis of a given dissociation reaction, compared with the 40.8 eV photon energy Ruhl et al used for their experiments. These higher electron energies allow the formation of precursor CH3CN 2+ ions in higher-lying electronic states, in addition to the states closer to the DIE populated in the photon ionization experiments. If these higher-lying CH3CN 2+ states correlate to the same product asymptotes as the lower-lying dication states, which it appears they do, then they would dissociate to give products with more kinetic energy, as we observe. Hence, in Table 3 , we only report a precursor energy for the CHCN + + H + channel, which we can analyse reliably at an electron energy of 50 eV. The associated precursor energy of 37.0 eV lies markedly above the ground state of CH3CN 2+ , which is not surprising as significantly more internal energy will be required to allow the rupture of two chemical bonds.
Triple ionization of CH3CN is a very minor contributor to the ion yield at all electron energies investigated in this work; significant numbers of triples are only recorded above 120 eV. Even at an electron energy of 200 eV, triple ionization processes make up less than one percent of the measured relative PICS. This observation is in agreement with studies of the electron ionization for similar organic molecules (such as methanol) which also show such small amounts of triple ionization in this electron energy range.
Photon Ionization
The list of ions (given above in Section 3) we observe in our photoionization experiments are very similar to those we observe in the electron impact experiments. In Table 1 we list the ions we detect that are formed by double photoionization at 42 eV photon energy, while a list of the observed photoion-pairs are given in the SI (Table S2 ). The lists of ions originating from double ionization are nearly identical for the electron and photon experiments. The only differences are that C 2+ is a very weak signal in the electron ionization experiments but not observed in the photoionization experiments; conversely N 2+ is a weak signal in the photon experiments and not in the electron ionization data. We note the C2H2 + /CN + and C2N + ions have markedly higher relative intensities from photoionization than from electron ionization. This is probably due to the difference in the ionizing energy for the data in Table 1 (42 eV for Figure 66(b) shows the RII for formation of C2H + from 26 -35 eV. In this ion yield there is an increase in signal from around 27 eV, plateauing at ~32 eV; there is also a sharp peak at 32.6 eV. It is noticeable that compared to the CH2 + yield there is no background until the onset in signal at 27 eV, indicating that this ion is not formed significantly by single ionization at low ionizing energies.
The double ionization energy of CH3CN, as discussed above, is close to 33.5 eV which means the significant signals for C2H + below the DIE are not from direct double ionization processes but are most likely due to the formation of CH3CN + in electronically excited states which are part of one or more Rydberg series that converge on low lying states of the dication. Indeed, such states have been implicated above in producing ion pairs below the double ionization threshold. The marked increase in the C2H + signal just below 33.3 eV, where the density of such Rydberg states should increase, is in accord with this assignment. The likely assignment of the sharp features is to such excited monocation states (or even super-excited neutral states) which are initially populated en route to the formation of C2H + .
The RII for C2H2N + from 26 -35 eV is shown in Figure 66c . In this spectrum there is a weak onset in signal, with a distinct superimposed structures, above 33 eV. The CH3CN 2+ and CH2CN
2+
ions we detect also show similar behaviour. To determine the threshold in this spectrum the fitting method described above was applied to the ion intensities for both C2H2N + and CH2CN 2+ , as these ion signals were large enough to support such analysis. This fitting gave values of EA of 33.2 ± 1.0 eV and 32.7 ± 1.0 eV for C2H2N + and CH2CN 2+ respectively. These thresholds are close to the DIE of 33.3 eV measured by Bayliss et al. The simplest explanation of these thresholds is that there are dissociative channels open for the CH3CN 2+ dication to these products at energies close to the double ionization energy. Again, the sharp structures are likely due to the population of specific neutral or monocationic states en route to the formation of these ions. More generally, the structures in these first photoion yields indicate such spectra are worthy of more detailed investigation, in a study with access to greater beamtime, to probe in more detail the electronic structure of CH3CN 2+ .
PEPIPICO spectra were recorded from 34 -42 eV photon energy. A list of the ion pairs observed in these spectra is given in Table S2 ; this list is very similar to the ion pairs detected in our electron ionization experiments. We note that in the photoionization experiments the pairs intensity is concentrated in a smaller subset of the observed dication dissociation reactions than in the electron ionization data (Tables S1 and S2 [60] , the momentum transfer appears significantly different between the photoionization and electron ionization cases in our experiments. It is perhaps not surprising that such a model, based on a classical framework, does not work well at our relatively low electron energies, where the incident electron has comparable velocities to the valence electrons.
However, the similarity in the current work between the fragmentation patterns following ionization with 200 eV electrons and 40 eV photons, is in general accord with the, now well-accepted, observation that significantly higher electron energies than photon energies are required to generate comparable double ionization yields. [61] 
Conclusions
The ionization of CH3CN has been studied, using both electrons and photons as the ionizing agent, using 2D TOF coincidence spectrometry. Values and uncertainties for every data point are given in the tables of data provided in the supplementary information.
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